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A prevailing challenge when testing chemicals for their potential to cause female reproductive toxicity is the lack of appropriate toxicological test methods. We hypothesized that starting a 28-day in vivo toxicity study already at weaning, instead of in adulthood, would increase the sensitivity to detect endocrine disruptors due to the possibility of including assessment of pubertal onset. We compared the sensitivity of two rat studies using pubertal or adult exposure. We exposed the rats to two well-known human endocrine disruptors, the estrogen diethylstilbestrol (DES; 0.003, 0.012, 0.048 mg/kg bw/day) and the steroid synthesis inhibitor ketoconazole (KTZ; 3, 12, 48 mg/kg bw/day). Specifically, we addressed the impact on established endocrine-sensitive endpoints including day of vaginal opening (VO), estrous cyclicity, weights of reproductive organs and ovarian histology. After 28 days of exposure, starting either at weaning or at 9 weeks of age, DES exposure altered estrous cyclicity, reduced ovary weight as well as number of antral follicles and corpora lutea. By starting exposure at weaning, we could detect advanced day of VO in DES-exposed animals despite a lower body weight. Some endpoints were affected mainly with adult exposure, as DES increased liver weights in adulthood only. For KTZ, no effects were seen on time of VO, but adrenal and liver weights were increased in both exposure scenarios, and adult KTZ exposure also stimulated ovarian follicle growth. At first glance, this would indicate that a pubertal exposure scenario would be preferrable as timing of VO may serve as sensitive indicator of endocrine disruption by estrogenic mode of action. However, a higher sensitivity for other endocrine targets may be seen starting exposure in adulthood. Overall, starting a 28-day study at weaning with inclusion of VO assessment would mainly be recommended for substances showing estrogenic potential e.g., in vitro, whereas for other substances an adult exposure scenario may be recommended.
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1 Introduction

Exposure to chemicals from the environment may have negative effects on female reproductive development and, ultimately, women’s fertility. To protect against such detrimental effects, toxicological testing should ensure that chemicals on the market are safe for humans. This requires that the tests we use can detect potentially harmful chemical properties. However, recent publications have pointed out the concern that current test methods may not be sensitive enough to detect female reproductive toxicants (1, 2). This problem points to a need to clarify the optimal timing of exposure and sample collection, as well as an update of guidelines to include more sensitive endpoints.

Current chemical test guidelines (TGs) propose to screen for toxicity in vivo by a 28-day exposure study (3), or a screening study with reproductive performance combined with the 28-day study (4) using a small number of male and female rats. When validating the 28-day study (5) it was found not sufficient in identifying all endocrine disruptors acting by any of the four classical EATS modalities (estrogen, androgen, thyroid, and steroidogenesis). The assay only detected chemicals that were moderate or strong endocrine disruptors for (anti-) estrogenicity or (anti-) androgenicity (e.g., nonylphenol and DDE or ethinyl estradiol and flutamide, respectively). Thus, the 28-day study is not a sensitive screening assay for endocrine activity (3, 6). Specifically, the quality of data related to histological changes in cycling females was considered to depend significantly on the experience of the test laboratory, thus advice on how to conduct the histopathological assessments is provided in the guidance documents (GD) 43 and 106 (7, 8).

We hypothesized that the time of exposure could affect the sensitivity of the 28-day study. By initiating exposure at the time of weaning, sensitivity towards detecting effects on apical endpoints would increase as this early start would enable the examination of the day of vaginal opening (VO), which is known to be sensitive to endocrine disruption. An option to examine age at onset of estrous cycling was also explored. Before recommending such an amendment, however, it must be ascertained whether this early start will reduce the ability to detect other relevant effects. With this in mind, we aimed to compare the sensitivity of established endocrine sensitive endpoints in 28-day rat studies initiated either before or after puberty. We used the model compounds diethylstilbestrol (DES), a known potent estrogen and endocrine disruptor in humans (9, 10), and ketoconazole (KTZ), a fungicide that can perturb steroid hormone synthesis in humans and rodents by inhibiting various cytochrome P450 (CYP) enzymes of the steroidogenesis pathway, interfering with both androgen and estrogen synthesis (11–15). Using two compounds that we know have endocrine disrupting effects in humans enables comparison of the two exposure windows, as well as endpoint sensitivity using an established OECD test guideline (3). Perinatal exposure to these endocrine disruptors has been shown to affect reproductive development (1, 2, 16, 17) and they are expected to display different effect patterns depending on age at exposure start.




2 Materials and methods



2.1 Chemicals

Diethylstilbestrol (DES, CAS no. 56-53-1, purity ≥ 99%, cat.no. D4628) was purchased from Sigma Aldrich (St. Louis, MO, USA). Ketoconazole (KTZ, CAS no. 65277-42-1, purity 98%) was purchased from BOC Sciences Inc., USA. Corn oil was purchased from Sigma/Aldrich (cat. No. C8267-2.5L) and used as control and vehicle. Solutions were stored dark in glass bottles at room temperature and continuously stirred during the exposure period.




2.2 Animals and exposure

The animal study was conducted as described in (18). In short, time-mated nulliparous Sprague-Dawley rats (CD IGS Rat, Crl : CD(SD), Charles River Laboratories, Sandhofer Weg 7, Sulzfeld, Germany) were supplied on gestation day (GD) 3 to the animal facilities at the National Food Institute, Technical University of Denmark (DTU Food), Kgs. Lyngby, Denmark. Female offspring were weaned on postnatal day (PND) 22 and divided into two cohorts exposed either during puberty (n = 12 per dose group) or during adulthood (n=11-12 per dose group). To practically enable a group size of twelve/cohort, each cohort was exposed in two blocks with one week between the blocks. Control group and all exposure groups were represented in each block (n = 6 per dose group/block) (Figure 1). Animals were exposed by oral gavage from postnatal day (PND) 23 to PND 49- 52, or from PND 64 to PND 91-94. The exact day of study termination differed in a four-day interval to enable dissection at the di-estrous stage. Both cohorts were exposed to vehicle only (control groups), DES at doses of 0.003, 0.012, 0.048 mg/kg body weight (bw)/day, or KTZ at 3, 12, 48 mg/kg bw/day. DES and KTZ are known endocrine disruptors and were used as model compounds for proof of principle, hence the doses used were not chosen based on environmentally relevant exposure levels. The two lower doses reflect doses applied in a previous study using perinatal exposure (2). In the current study the high dose was added as it was expected to be better tolerated in the used exposure periods compared to exposure during gestation. The vehicle volume was 2 ml/kg, and the individual doses were based on body weight of the animal, assessed daily. One animal from the adult exposure study was euthanized during the study due to poor health condition. The animal experiments were approved by the Danish Animal Experiments Inspectorate (Council for Animal Experimentation, license number 2020-15-0201-00570) and monitored by DTU in-house Animal Welfare Committee.




Figure 1 | Study Design Two cohorts, exposed during pubertal (PND 23 to PND 49-52) or adult (PND 64 to PND 91-94) life stages were included. Each cohort was divided into two blocks where control group and all exposure groups were represented with n = 6/exposure group, giving a total n =12/exposure group in each of the two cohorts. Exposure to DES at doses of 0.003, 0.012, 0.048 mg/kg body weight (bw)/day, or KTZ at 3, 12, 48 mg/kg bw/day was conducted daily via oral gavage throughout the exposure period. In the pubertal cohort, day of vaginal opening and body weight at vaginal opening was registered. In both the pubertal and adult cohort vaginal smearing was conducted to evaluate estrous cycling. At the termination of study (both pubertal and adult cohort) body weight as well as the weight of ovaries, uterus, adrenal and liver was registered, and ovaries fixed in formaldehyde for histological evaluation. In the adult cohort, block 1, one animal in KTZ-48 was acutely euthanized few days before planned termination.






2.3 In vivo examinations

In the pubertal cohort, vaginal opening (VO) was examined daily from PND 27 in the first block, but due to some animals already presenting with VO on PND 27, examination was initiated on PND 24 in the second block. The day of VO was registered together with the body weight. In the pubertal study vaginal smears were collected from PND 40 until study termination (PND 49-52), and in the adult cohort from PND 70 to study termination (PND 91-94) to evaluate estrous cyclicity as described in Johansson et al. (2). Regularity of estrous cycling was evaluated according to criteria based on Goldman et al. (19): regular cycling: 3–5 days cycle length with either 1-2 days of estrous or/and 2-3 days of di-estrous; irregular cycling < 3 days cycle length or ≥ 6 days cycle length, or/and with 3-4 days of estrous or/and 4-5 days of di-estrous; or prolonged cycling > 4 consecutive days of estrous or/and > 6 days of di-estrous. The person conducting scoring of estrous stage and evaluation of cycling regularity was blinded to animal exposure status. At the day of expected di-estrous, females were killed by decapitation (under CO2 anesthesia). Ovaries were excised and weighed and one ovary per female was fixed in 10% formaldehyde and processed for mounting in paraffin. Uterus, adrenals and liver were excised and weighed.




2.4 Histology and assessment of ovarian follicles and corpus luteum

Pubertal ovaries (n = 12/exposure group) were sectioned at 5 μm thickness every 100 μm and adult ovaries (n =11-12/exposure group) at 5 μm thickness every 200 μm. Paraffin was removed by heat treatment (60°C) for 30 min, then sections were washed in petroleum and hereafter rehydrated through a graded ethanol-water series. For histological evaluation, slides were stained with hematoxylin & eosin (H&E), dehydrated through a graded water-ethanol series, mounted using Eukitt. Histology images were captured using a Pannoramic Midi automatic digital slide scanner (3Dhistech Ltd). Digitalized H&E sections were annotated using Quantitative Pathology & Bioimage Analysis (QuPath version 0.2.3) software. Follicles were categorized into small antral follicles, growing antral follicles, or pre-ovulatory follicles using categories published by Gaytan et al. (20) (Supplementary Table 1) and described in our previous publication (18). Note that in the previous paper (18), the number of growing antral follicles and pre-ovulatory follicles were pooled into a category called antral follicles, and small antral follicles were not included in the evaluation (18), whereas in the present study, the categories used are as described above. The person conducting scoring was blinded with respect to dose group.




2.5 Statistical analysis

P-values ≤ 0.05 were considered statistically significant. Data were assessed for normal distribution by residual statistics. Data not normally distributed were log-transformed and assessed again to confirm normality. Body weights were analysed by ANOVA followed by Dunnett’s test using GraphPad Prism (GraphPad Software, San Diego, CA, US, version 8.0), and organ weights were analysed by ANCOVA using body weight as covariate (RStudio). Follicle and corpus luteum count was analysed by Kruskal-Wallis followed by Dunnett’s test using RStudio (4.0.5). Time-to-Event data endpoints (day of VO) were analysed by Kaplan-Meier methods, with general dose-related patterns identified by a trend test and paired mean differences between controls and dose group by the nonparametric Wilcoxon test under the control of p-value adjustments according to Dunnett (21). Data are reported as mean ± SEM in text. Analysis of estrous cycle data was conducted by comparing each exposure group to the control group using Fisher’s exact test in GraphPad Prism 8. The analysis was conducted in a stepwise manner where the first step pooled the irregular and prolonged categories (category named ‘altered cycling’) to make the analysis stronger. In the second step, the groups showing effect were further investigated, dividing the irregular and prolonged categories, analyzing them separately.





3 Results



3.1 Pubertal exposure



3.1.1 Day of vaginal opening and estrous cyclicity

In the first exposure block examination of VO was initiated on PND 27, but as VO was already observed in some animals at this time point (in DES exposed groups), we initiated examination on PND 24 in the second exposure block, showing that some animals in DES-0.012 and DES-0.048 presented VO on PND 26. As significant effects were seen in both blocks compared to corresponding control, we pooled the results of the two blocks for the final statistical analysis. Compared to control, advanced day of VO and reduced body weight at VO was evident in all DES exposure groups (Table 1). The reduced body weight at VO can likely be attributed to the younger age of DES animals, which across DES groups were approximately 7.5 days younger than controls at VO. However, a potential effect of exposure cannot be neglected. No effect on day of VO or body weight at VO was observed in any of the KTZ groups (Table 1).


Table 1 | Details on the day of vaginal opening (VO), body weight at vaginal opening and corresponding p-values in comparison to control group.



Estrous cyclicity was evaluated from PND 40, as animals younger than this were considered too small for vaginal smearing using cotton swabs. At this age, all except one control animal had started cycling (Supplementary Figure 1) and evaluation of potential differences in onset of estrous cycling was therefore not possible. However, regularity of estrous cycling was evaluated. Most of the animals in the DES-0.048 group showed a pattern of persistent estrous, which was also seen for several of the animals in the DES-0.012 group at the beginning of the assessment period (Supplementary Figure 1). By pooling irregular cycling and prolonged cycling into one category (altered cycling) we determined that the DES-0.012 and DES-0.048 groups were statistically significantly different from controls (p = 0.04, p = 0.0003 respectively), whereas DES-0.003 was not (p = 0.2) (Figure 2A). Further analysis, dividing the categories, showed that the effect was mainly driven by prolonged cycles (Figure 2B). No altered cycling was observed in KTZ exposed animals.




Figure 2 | Estrous cycling, pubertal exposure. (A) Estrous cycling in the period from PND 40 to PND 50 was affected in female rats exposed to DES for 28 days starting at PND 23 (irregular and prolonged cycle categories pooled into one category; altered cycling), (B) The number of rats with prolonged (and altered) cycling increased with higher doses of DES, whereas cycling in KTZ rats appeared normal. Data analyzed by Fisher’s exact test (GraphPad Prism 8) (n=12/exposure group, * p < 0.05, ** p < 0.01, *** p < 0.001).






3.1.2 Body and organ weights

At termination, body weight was significantly lower in the DES-0.012 group (p = 0.001) and DES-0.048 group (p < 0.0001) compared to controls (Figure 3A), but no effect was seen after KTZ exposure. A significant reduction in ovary weight was seen in the DES-0.048 group (p = 4.5 · 10-5) (Figure 3B). Adrenal weights were significantly increased in the KTZ-12 group (p = 0.01) and KTZ-48 group (p = 8.2 · 10-10) (Figure 3D), whereas liver weights were increased in KTZ-48 group (p = 0.001) (Figure 3E). No effect was seen on uterus weight (Figure 3C).




Figure 3 | Body and organ weights, pubertal exposure. (A) body weight, (B) ovary weight, (C) uterus weight, (D) adrenal weight, (E) liver weight. DES reduced body and ovary weights, whereas KTZ increased adrenal and liver weights in female rats exposed for 28 days starting at PND 23. Body weights were analyzed by ANOVA followed by Dunnett’s test (GraphPad Prism), and organ weights were analyzed by ANCOVA using body weight as covariate (RStudio) (mean+SEM, n=12, ** p < 0.01, *** p < 0.001, **** p > 0.0001).






3.1.3 Follicle and corpus luteum count

Ovaries from the DES-0.048 group had fewer growing antral follicles and corpora lutea (p = 0.038, and p < 0.0001, respectively, Figures 4B, D), which is consistent with reduced ovary weights (Figure 3B). Exposure to DES-0.012 led to significant decline of corpus luteum number (p = 0.027, Figure 4D), whereas the lower number of small antral follicles was not statistically significant (Figure 4A) and no effects were seen on preovulatory follicles (Figure 4C). No effects were seen for KTZ exposed animals. Histological sections from control, DES-0.048, and KTZ-48 are shown in Figures 5A–C.




Figure 4 | Follicle and corpus luteum count, pubertal exposure. (A) No statistically significant effect was seen on small antral follicles, (B) DES-0.048 significantly reduced the number of growing antral follicles, (C) No effect was seen on preovulatory follicles, and (D) DES-0.012 reduced the number of corpus luteum.  Data were analyzed by Kruskal-Wallis test followed by Dunnett’s post hoc test in RStudio (4.0.5) (mean + SEM, n = 12, * p < 0.05, ** p < 0.01, *** p < 0.001).






Figure 5 | Histological sections of pubertal and adult ovaries. Representative sections from the middle of the ovary from pubertal (A–C) and adult (D–F) animals exposed to control (A, D), DES-0.048 (B, E) or KTZ-48 (C, F). In pubertal ovaries (A–C), DES reduced ovary weight as well as the number of growing antral follicles and corpus luteum (CL) number, whereas no significant effects were seen after KTZ exposure. In adult ovaries (D–F), DES reduced ovary weight, small antral follicles, growing antral follicles and CL numbers, whereas KTZ increased the number of growing antral follicles. In picture (A) three examples of CL are marked with stars (*) and three examples of growing antral follicles are marked with arrows (▸). The magnification is the same in all pictures and the scalebar is 1000 µm.







3.2 Adult exposure



3.2.1 Estrous cycling

Females exposed to DES during adulthood displayed clear changes in their estrous cycling. The DES-0.048 group mainly showed prolonged cycles where majority of females also displayed mucus in smears for more than 4 consecutive days, whereas animals in the DES-0.012 group showed varied cycling patterns (Supplementary Figure 2). Pooling irregular cycling and prolonged cycling into one category (altered cycling), showed increase in altered cycling among animals in both the DES-0.012 group (p = 0.04) and DES-0.048 group (p = 0.0006) compared to controls (Figure 6A), but no effect in the DES-0.003 group (p = 0.6). Further stepwise analysis showed that in the DES-0.048 group the effect was mainly driven by prolonged cycles and in the DES-0.012 group it was mainly due to irregular cycling patterns (Figure 6B).




Figure 6 | Estrous cycling, adult exposure. (A) DES exposure increased the number of females with altered cycles compared to controls in female rats exposed for 28 days starting PND 63. Irregular and prolonged cycle categories were pooled into one category (altered cycling) and analyzed by Fisher’s exact test (GraphPadPrism 8), (B) The number of rats with irregular or prolonged estrous cycles increased with higher doses of DES, whereas cycling in KTZ rats appeared normal (* p < 0.05, *** p < 0.001, n=12/exposure group).






3.2.2 Body and organ weights

As with pubertal exposure, ovary weights were significantly reduced in the DES-0.012 group (p = 0.02) and DES-0.048 group (p = 0.001) (Figure 7B). Slight effects were observed on body weights but were not statistically significant (Figure 7A). Liver weights were increased in the DES-0.012 group (p = 0.02) and DES-0.048 group (p = 0.008) (Figure 6E), an effect not seen with pubertal exposure. In contrast to what was seen with pubertal exposure, the KTZ-48 group displayed increased ovary weight (p = 3 · 10-6) compared to controls (Figure 7B). In addition, KTZ increased adrenal weight, and this was significant at all doses (KTZ-3: p = 0.04, KTZ-12: p = 1.5 · 10-9, KTZ-48: p = 8.8 · 10-13) (Figure 7D), whereas liver weights were increased at KTZ-48 only (1.2 · 10-7) (Figure 7E). No effects were seen on uterus weight (Figure 7C).




Figure 7 | Body and organ weights, adult exposure. (A) body weight, (B) ovary weight, (C) uterus weight, (D) adrenal weight, (E) liver weight. DES reduced ovary weights and increased liver weights, whereas KTZ increased ovary, adrenal and liver weights in female rats exposed for 28 days starting PND 63. Body weights were analyzed by ANOVA followed by Dunnett’s test (GraphPad Prism), and organ weights were analyzed by ANCOVA using body weight as covariate (RStudio) (Mean + SEM; n=11-12, * p < 0.05, ** p < 0.01, *** p < 0.001).






3.2.3 Ovarian follicle and corpus luteum count

Consistent with the changes to ovary weights (Figure 7B), DES-0.048 reduced whilst KTZ-48 increased the number of growing antral follicles (p = 0.036, and p = 0.047, respectively, Figure 8B). Significantly lower numbers of small antral follicles and corpora lutea were also observed after DES-0.048 exposure (p = 0.0008, and p < 0.0001, respectively, Figures 8A, D). No effects were seen on preovulatory follicles (Figures 8C). Histological sections from control, DES-0.048, and KTZ-48 are shown in Figures 5D–F.




Figure 8 | Follicle and corpus luteum count, adult exposure. (A) DES-0.048 significantly reduced the number of small antral follicles, (B) DES-0.048 significantly reduced the number of growing antral follicles and KTZ-48 significantly increased the number of growing antral follicles, (C) no effects were seen on preovulatory follicles, (D) DES-0.048 significantly reduced the number of corpus luteum. Data was analyzed by Kruskal-Wallis test followed by Dunnett’s post hoc test in RStudio (4.0.5) (Mean + SEM, n = 11-12. * p<0.05 *** p<0.001).







3.3 Comparison of effects and sensitivity

An overview comparing effects in the two exposure scenarios is presented in Table 2. Generally, the effects were similar in the two exposure scenarios, but it seems as if adult exposure was more sensitive in detecting effects on adrenal weight (for KTZ) and ovary weight (for DES), as these effects were seen at a lower dose than in the pubertal exposure scenario.


Table 2 | Patterns of changes in organ weights and follicle/corpora lutea counts differed between the pubertal and the adult exposure scenarios, arrows indicate statistically significant increases or decreases.







4 Discussion

One of the challenges in the field of endocrine disruption is that current test methods seem inadequate in detecting female reproductive toxicants, a problem that relates to optimal time of exposure, time of measurement as well as the endpoints that are investigated (1, 2). There is thus a need to optimize the testing strategy. In this study, we focused on the time of exposure by comparing endocrine sensitive endpoints in two 28-day studies initiated either before or after puberty. We hypothesized that starting a 28-day study before puberty would increase the overall sensitivity to detect chemicals with endocrine disrupting properties, and specifically chemicals with estrogenic properties, as it enables examination of the day of vaginal opening (VO). VO has previously been shown sensitive to different estrogenic chemicals such as BPA, mycotoxin (zearalenone) and phytoestrogens (22–25) as a well as DES (26, 27) after prepubertal exposure.



4.1 DES advanced vaginal opening

Starting the exposure before puberty gave us the opportunity to examine effects on the day of VO, which is currently not an endpoint included in the 28-day study guideline (3). DES clearly advanced the day of VO, which has previously been shown in rats exposed orally to DES from weaning (27), in rats subcutaneously exposed to DES from PND 12 (26), and recently in mice exposed prenatally (28). Other chemicals, such as BPA and the mycotoxin zearalenone, has also been shown to advance the day of VO (22–24). In these studies, central onset of puberty was also affected. Unfortunately, onset of estrous cycling (and indirectly first ovulation and central initiation of puberty) could not be evaluated in the present study as all DES animals had started cycling when smearing was initiated (PND 40). Also, vaginal tissue seems to be sensitive to the local chemical environment. Several studies have shown that local effects on VO, unrelated to central puberty onset, can be induced by treatment with estrogen (26), testosterone (26, 29, 30), dehydroepiandrosterone (31) and the cancer drug Dabrafenib (32). Furthermore, the vaginal tissue seems to contain aromatase activity, explaining induction of VO after androgen exposure (30). Due to this, we do not know if the advanced VO in the present study is a local effect or if central puberty was also affected. This shows that inclusion of VO in the 28-day study guideline as a ‘stand-alone parameter’ for sexual maturation, not including measurements related to central activation of puberty, is not advisable. However, as the vaginal tissue seems to be hormone (estrogen) sensitive, unrelated to central effects on puberty, VO alone could possibly serve as an effect endpoint indicative of endocrine disruption by estrogenic mode of action.




4.2 Comparison of effects in the two exposure scenarios - is pubertal 28-day exposure more sensitive than adult 28-day exposure?

Body weight changes at termination of the experiment were detected with pubertal, but not adult, exposure to DES. This could be explained by effects of DES on longitudinal growth and bone maturation which is under endocrine control. In females with precocious puberty, increased estrogen levels cause premature epiphysial fusion decreasing finale height (33). Also, growth hormone (GH) and IGFs are important for pubertal growth and interestingly, when estrogens are orally administered, they inhibit IGF-I production by the liver in a dose-dependent manner. As IGF-I normally mediates anabolic action of GH, the orally administered estrogen can attenuate the stimulatory effect of IGF-I on growth, as reviewed by Meinhardt and Ho (34). The observed dose-dependent reduction in body weight in the pubertal DES exposed animals in this study may thus be explained by estrogenic effects of DES on longitudinal growth and bone maturation. This effect was not seen when DES administration was initiated in adulthood. The effect seen on body weight in the pubertal animals is therefore considered to be an endocrine disrupting effect on growth and does not reflect systemic toxicity. Additionally, bone-length could be an interesting avenue to explore as endpoint for endocrine disruption by estrogenic mode of action.

In contrast to body weight, other endpoints showed higher sensitivity for adult than pubertal exposure. Decreased ovary weight was observed at a lower dose of DES with adult than pubertal exposure, and an increased adrenal weight was observed at a lower dose of KTZ with adult than pubertal exposure. The adult exposure scenario also appeared to be more sensitive in detecting effects of KTZ on ovaries, as adult exposure led to an increased ovary weight. Both the increase in ovary and adrenal weight caused by KTZ is related to its effects on cytochrome P450 (CYP) enzymes of the steroidogenesis pathway, particularly aromatase (CYP19A1) which is responsible for conversion of androgens to estrogens (13–15). Aromatase inhibitors are used for ovarian induction in fertility treatment of anovulatory women (35). A similar effect, stimulation of follicle growth by reduced levels of estradiol, and thereby reduced negative feedback on the pituitary, may have caused the increase in ovary weight and growing antral follicle numbers observed in the adult KTZ animals.

In the adult exposure scenario, KTZ-48 exposure increased the absolute liver weight by 26%. The increase could indicate adaptive changes after induction of cytochrome P450 (CYP) enzymes in the liver (36, 37), which is to be expected as ketoconazole has direct and specific effects on CYPs (13–15), including CYPs in the liver (38). The increased liver weight in the KTZ-48 exposure group is therefore likely not an indication of systemic toxicity, especially when considering that no reduction in body weight was observed, but rather related to the known mode of action of KTZ. The increase in liver weights compared to control in the KTZ-48 group (8% absolute increase) after pubertal exposure, as well as the increases seen in DES-0.012 (5% absolute increase) and DES-0.048 (3% absolute increase) groups after adult exposure are statistically significant, but small and a possible biological significance is questionable (36, 37).

Estrous cycling results were similar between exposure scenarios. Animals exposed to DES-0.012 and DES-0.048 showed clear effects with primarily prolonged cycles, seemingly due to persistent estrous in both exposure regimes. Persistent estrous after estrogen exposure early in life has previously been reported and is often related to polyfollicular anovulatory ovaries in adulthood, resembling polycystic ovarian syndrome (39). Interestingly, histological examination showed that animals exposed to DES during puberty had a reduced number of growing antral follicles as well as reduced corpus luteum number, indicating reduced ovulation. The same pattern was seen in animals exposed to DES-0.048 during adulthood. Hypothalamic GnRH secretion was not affected in these females (16). Unfortunately, we do not have measurements of luteinizing hormone/follicle stimulating hormone and it is therefore difficult to deduce if observed ovarian changes are associated with local and/or central effects of DES. The timing of exposure to KTZ did not seem to have an influence on estrous cycling as no statistically significant effects were registered for neither pubertal nor adult exposure.





5 Conclusion

The purpose of this study was to investigate if time of exposure affects the sensitivity of identification of (anti)estrogenic/(anti)androgenic effects in the 28-day study. We compared pubertal and adult exposure and found some differences in sensitivity for certain effect endpoints, but the differences were not very pronounced. A preference for pubertal exposure over adult exposure can therefore not be substantiated. However, the data indicates that timing of VO may be an endpoint particularly sensitive to estrogens and could function as a marker of endocrine disruption. We propose to continue the work on VO as well as the quest for novel biomarkers in blood, brain or locally in reproductive organs, as sensitive effect markers are warranted to detect female reproductive toxicants.
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